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Abstract
In this talk the current status of neutrino oscillation parameters are presented. The prospects of determination of
neutrino mass hierarchy, octant of θ23 and the CP phase δCP in future long-baseline and atmospheric experiments are
reviewed. The impact of precision measurement of oscillation parameters on neutrino mass models are also discussed.
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1. Introduction
Neutrino physics has come a long way from the im-
possible dream of Pauli in 1930 – to the unreachable
stars with the extraterrestrial neutrino events detected
by the ICECUBE experiment in 2013. The phenomenon
of neutrino oscillation, in which neutrinos convert from
one ﬂavour to another has played a pivotal role in this
development. Neutrino oscillations arise if neutrinos are
massive so that the weak or ﬂavour eigenstates are dif-
ferent from the mass eigenstates, the two being related
as να = U∗αiνi; U is the leptonic mixing matrix. For such
cases the probability of oscillation in vacuum from one
ﬂavour to another can be computed as
Pαβ = δαβ − 4Σi> j Re(UαiUβiUα jUβ j) sin2(Δi j)
+2Σi> j Im(UαiUβiU

α jUβ j) sin(2Δi j), (1)
where, Δi j = Δm2i jL/4E; Δm
2
i j = m
2
i − m2j ; L is the dis-
tance travelled and E is the energy of the neutrino. The
three ﬂavour oscillation parameters are the three mixing
angles θ12, θ23 and θ13, the two mass squared diﬀerences
Δm221 and Δm
2
31 and the so called Dirac CP phase δCP.
From solar neutrino data it has already been established
that Δm221 > 0. However the sign of Δm
2
31 has not yet
been determined and there can be two possibilities (i)
normal hierarchy (NH) with Δm231 > 0 and (ii) inverted
hierarchy (IH) with Δm231 < 0. The two other major un-
known parameters are the octant of θ23 and the leptonic
CP phase δCP. θ23 < 45o corresponds to lower or ﬁrst
octant (LO) and θ23 > 45o corresponds to higher or sec-
ond octant (HO). For δCP it is convenient to study two
sectors the lower half plane : −180o < δCP < 0 (LHP)
and the upper half plane : 0 < δCP < 180o (UHP).
2. Current status of three neutrino oscillation pa-
rameters
The measurement of the third leptonic mixing angle
θ13 has conclusively established the paradigm of three
ﬂavour oscillation [1, 2, 3, 4]. The latest status of these
parameters from analysis of global data are presented
in Table 1 from reference [5]. The parameter sensi-
tivities for diﬀerent experiments are as follows: θ12,
Δm221 and θ13 are constrained mainly from solar neu-
trino and KamLAND reactor data; |Δm231| and θ13 are
constrained from reactor data (Daya-Bay, RENO and
Double-Chooz); Super-Kamiokande, atmospheric neu-
trino experiment and long-baseline experiments (MI-
NOS, T2K) constrain the parameters |Δm231|, θ23, θ13 and
δCP. Thus θ13 is seen to be a common factor in all the ex-
periments and it creates interesting interplay among the
diﬀerent sectors. There are at present three groups do-
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parameter present value precision
Δm221
10−5 eV2 7.50
+0.19
−0.17 2.3%
sin2 θ12 0.304+0.012−0.012 4%
|Δm231 |
[10−3 eV2 +2.458
+0.002
−0.002 2%
|Δm232 |
[10−3 eV2 -2.448
+0.047
−0.047 2%
sin2 θ23 0.451+0.001−0.001 ⊕ 0.577+0.027−0.035 7.5%
sin2 θ13 0.0219+0.0010−0.0011 5%
δCP/
o 251+67−59 0 − 2π
Table 1: The best ﬁt values and 1σ errors of neutrino oscillation pa-
rameters from global analysis of current data [5]. The reactor ﬂuxes
are kept free in the ﬁt and the short baseline reactor data is included.
Also shown are the precision of each parameter calculated using the
formula prec = (pmax − pmin)/(3 × b f ), where for pmax and pmin, 3σ
ranges given in [5] are used.
ing global analysis. Figure 1 compares the best-ﬁt val-
ues and 3σ ranges of these parameters from the analyses
performed by the diﬀerent groups. It is seen that ex-
cepting θ23 there is agreement in the values of the other
parameters. The NuFIT collaboration gets the global
best-ﬁt in the second octant and for IH. For NH a lo-
cal minima is obtained in the ﬁrst octant. In [6] and
[7] separate ﬁts are done for NH and IH. In reference
[6] best-ﬁt at second octant is obtained for both NH and
IH. In reference [7] best-ﬁt for both hierarchies were in
the ﬁrst octant before Neutrino 2014. But post Neutrino
2014 the best-ﬁt shifts to the second octant for IH. Thus
for IH all the three groups get the best-ﬁt for second oc-
tant. For NH best-ﬁt in the ﬁrst octant is obtained in
[7]. The best-ﬁt θ23 from long-baseline + solar + Kam-
LAND data come in the 2nd octant for both hierarchies
in [7]. The reactor data shifts the best-ﬁt θ23 for NH in
the lower octant and addition of SK atmospheric data
increases the signiﬁcance of the ﬁt for the lower octant.
In the analysis of [6] the best-ﬁt θ23 comes in the lower
octant for both hierarchies from long-baseline + solar +
KamLAND analysis. However this occurs with higher
values of θ13 which is disfavoured by reactor data. Thus
addition of reactor neutrino data brings the best-ﬁt value
of θ23 to the higher octant. Inclusion of atmospheric
data does not change this conclusion. In summary there
is not yet a deﬁnitive hint on the octant of θ23. There is
hint of δCP ∼ 1.5π from T2K experiment. Inclusion of
SK atmospheric data shifts it to ∼ 1.4π. However at 3σ
the whole range from 0 − 2π is allowed.
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Figure 1: Comparison of the best-ﬁt values and 3σ ranges of the os-
cillation parameters. The blue line is from [7], the red line is from [6]
and the black line is from [5]. The solid(dashed) line corresponds to
NH(IH).
3. Future Experiments
Many experiments are planned/proposed for the de-
termination of the unknown oscillation parameters –
specially hierarchy and δCP. Among these the cur-
rent generation accelerator based superbeam experi-
ments are T2K in Japan and NOνA in US. T2K has a
baseline of 295 km from Tokai to Kamioka with Su-
perKamiokande as the detector. The beam power is
0.75 MW with mean neutrino energy as 0.76 GeV [8].
The NOνA experiment has a baseline of 810 km from
FNAL to the Ash River site. The detector is a 14 kton
TASD type of detector. The beam power is 0.7MW and
mean neutrino energy 1.7 GeV [9]. T2K has already
started giving data and NOνA is in the commissioning
stage. The other experiments are all in the proposal
stage. T2HK has the same baseline as T2K and plans
to use the HyperKamiokande detector [10]. The pro-
posed baseline for the LBNE experiment is ∼ 1300 km
– from Fermilab to Homestake. It plans to use a LiqAr
detector with a ﬁducial volume of 34 kton [11]. The
ﬂuxes are computed assuming a 1.2 MW 120 GeV pro-
ton beam delivering 1×1021 protons on target (pot)/year
[12]. LBNO plans to send a beam from CERN SPS to
the Pyha¨salmi mine in Finland at a distance of 2290 km.
They propose a staged approach starting with a 24 kton
LiqAr detector. The projected ﬂuxes in the phase 1 are
calculated assuming a beam power of 750 kW deliver-
ing 1.5 × 1020 protons on target (pot) in a year [13]. In
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the phase II it is proposed to use proton beam from a
new HPPS with 2 MW beam power delivering 3 × 1021
pot/year [14]. Other proposals include generation of
high intensity neutrino beams using European Spalla-
tion Source (ESS). The expected neutrino beam energy
for this is ∼ 100 MeV and R&D studies are performed
with a baseline ∼ 500 km and neutrino peak energy 0.2
GeV [15]. The DAEδALUS experiment [16] proposes
to use μ+ from decay at rest source to produce a ν¯μ beam
with endpoint energy ∼ 50 MeV. This experiment is
sensitive to ν¯μ − ν¯e oscillation governed by Δm231 and
proposes to use Gd-doped water C˘erenkov detectors.
Reactor neutrino experiments JUNO [17] and RENO-
50 [18] with a baseline ∼ 50 km are also proposed
for mass hierarchy determination. There are also pro-
posals for future detectors for atmospheric neutrinos.
The India-Based Neutrino Observatory (INO) collabo-
ration is planning for a magnetized Iron CALorimeter
(ICAL) detector [19]. This is sensitive to muon neu-
trinos and has charge sensitvity due to magnetization.
Future Megaton water C˘erenkov detectors include Hy-
perKmaiokande (HK) [10], MEMPHYS [20]. These de-
tectors do not have charge sensitivity. But they have the
advantage of huge statistics and the possibility of detect-
ing the electron events. Multi-megaton detectors using
ice also use this technology. An example of such a de-
tector is PINGU [21]. This is a proposed upgrade of the
DeepCore section of the IceCube detector with a lower
energy threshold for detection of atmospheric neutrinos.
ORCA (Oscillation Research with Cosmic in the Abyss)
proposal also aims to use water C˘erenkov method to
study atmospheric neutrinos with a deep sea neutrino-
telescope in theMediterranean Sea using the technology
developed by the the KM3NET detector collaboration
[22]. There are also studies on Liquid Argon Time Pro-
jection Chamber (LArTPC) detectors for atmospheric
neutrinos [23]. LArTPC has excellent energy and di-
rection resolutions. Simulation of atmospheric neutri-
nos using LArTPC by the LBNE collaboration has been
presented in [24].
4. Oscillation probability in matter
The oscillation channel probed by the accelerator
based experiments are muon neutrino survival proba-
bility Pμμ and electron neutrino appearance probability
Pμe. For the relevant baselines earth matter eﬀects start
playing non-trivial role and one needs to solve propa-
gation equation in matter using the appropriate density
proﬁle. Since for these baselines neutrinos pass only
through the Earth’s mantle the constant density approx-
imation holds good. Even then it is not possible to solve
the propagation equation exactly. However it is conve-
nient to expand the the probabilities as a series in terms
of two small parameters, α = Δm221/Δm
2
31 and sin θ13
[25]. In this limit Pμe can be expressed as
Pμe = sin2 2θ13 sin2 θ23
sin2 [(1 − Aˆ)Δ]
(1 − Aˆ)2
+ α sin 2θ13 sin 2θ12 sin 2θ23 cos (Δ + δCP)
× sin(AˆΔ)
Aˆ
sin [(1 − Aˆ)Δ]
(1 − Aˆ)
+O(α2, s313, αs213) . (2)
where, Δ ≡ Δm231L/4E, si j(ci j) ≡ sin θi j(cos θi j), Aˆ =
2
√
2GFneE/Δm231. For neutrinos, the signs of Aˆ and Δ
are positive (negative) for NH (IH). For antineutrinos Aˆ
and δCP change sign. Note that the resonance condi-
tion corresponds to Aˆ = 1. This channel is seen to be
sensitive to hierarchy, octant and δCP and is often called
the golden channel. However the lack of knowledge of
δCP give rise to three solutions corresponding to wrong
hierarchy - wrong octant, right hierarchy-wrong octant,
wrong hierarchy - right octant – in addition to the right
hierarchy-right octant solution. Thus there is a four-fold
degeneracy creating hindrance to pin point the actual so-
lution. On the other hand the lack of knowledge of hier-
archy and octant also aﬀects the CP sensitivity since the
wrong octant and wrong hierarchy solutions can occur
with wrong values of δCP. Below we discuss the reach
of the future data/experiments as well as the synergistic
aspects among various experiments to overcome these
degeneracies.
5. Hierarchy Sensitivity
Vacuum oscillation probabilities which go as sin2 Δ31
are not sensitive to the sgn(Δm231). However the sit-
uation changes in matter as is evident from the prob-
ability expression eq. 2. However it is possible that
Pμe(Δ, δCP) = Pμe(−Δ, δ′CP) i.e solution for NH and a
true δCP can be mimicked by IH for a diﬀerent δCP. This
is the hierarchy-δCP degeneracy giving rise to the wrong
hierarchy solutions [26] which aﬀects the hierarchy sen-
sitivity of long-baseline experiments.
5.1. Long Baseline Experiments
Figure 2 summarizes the hierarchy sensitivity of the
long-baseline and atmospheric experiments. The ﬁgures
for the long-baseline experiments are generated using
the GLoBES software [27, 28]. The hierarchy sensi-
tivity that we present correspond to median sensitivity
using the Asimov data set neglecting ﬂuctuations in the
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Figure 2: Hierarchy sensitivity of long-baseline and atmospheric neu-
trino experiment ICAL@INO as a function of δCP. The ﬁgure is ob-
tained assuming the true hierarchy to be IH true θ13 to be 9.21o and
true θ23 to be 39o.
data. For a detailed discussion on diﬀerent statistical
procedures we refer to [29]. The brown line in Fig.
2 is for of NOνA while the grey curve represents the
combined sensitivity of NOνA + T2K. This is obtained
considering 3 year neutrino and 3 year antineutrino run
of NOνA and a total pot of 7.8 × 1021 for T2K. The
later corresponds to the total projected pot of T2K. It is
seen that for true hierarchy to be IH and θ23 in the lower
octant the favourable range of δCP for determination of
mass hierarchy is 0 < δCP < 180o with maximum sen-
sitivity around δCP = +90o for which ∼> 3σ sensi-
tivity can be obtained from T2K+NOνA. In the range
−180o < δCP < 0 the sensitivity is much less and this
corresponds to the unfavourable range for δCP for deter-
mination of hierarchy for a true IH. For these range of
δCP values the probabilities for both hierarchies overlap
and hierarchy-δCP degeneracy is present. The combi-
nation of T2K and NOνA gives better sensitivity than
only NOνA although T2K itself do not have much hier-
archy sensitivity [30]. This is because the range of δCP
values for which the probabilities for T2K and NOνA
overlap are somewhat diﬀerent because of their diﬀer-
ent baselines. The hierarchy sensitivity is more in the
higher octant as compared to lower octant by a factor
∼ sin2 θHO23 / sin2 θLO23 . For true NH −180o < δCP < 0
(0 < δCP < 180o) corresponds to favourable (un-
favourable) range of δCP.
If one goes to higher baselines corresponding to
LBNE or LBNO then the hierarchy sensitivity is seen
to increase though the favourable and unfavourable re-
gions of δCP corresponding to a particular hierarchy re-
mains the same. In Fig. 2 we show the hierarchy sen-
sitivity of LBNE and LBNO assuming an exposure of
7.5×1021 pot-kt in each of the neutrino and the antineu-
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Figure 3: Pμe as a function of energy for the baseline 2290 km. The
blue (orange) hatched region is for NH (IH). The solid (dashed) lines
correspond to true δCP = +90o(−90o) respectively.
trino mode. The ﬂuxes of LBNO are used from [31]
and those of LBNE from [32]. For this exposure and for
the combination IH-LO a 3σ hierarchy sensitivity can
be achieved in LBNO for 100% values of δCP, reaching
∼ 5σ for δCP = +90o (green solid curve). For the same
exposure LBNE can attain 3σ hierarchy sensitivity only
in the favourable range and 4σ close to δCP = +90o.
Note that with the information on the total number of
pot that the beam can deliver and the projected detector
volume one can easily ﬁnd out the timescale. For in-
stance in generating these plots we use the ﬂuxes corre-
sponding to the phase 2 of LBNO with 3×1021 pot/year.
For a 20 kton projected volume this would imply 3σ
hierarchy sensitivity for all values of δCP in less than
a years time. The enhanced hierarchy sensitivity for
these experiments can be attributed to the increase in
matter eﬀects with increasing baseline. However the
exceptional sensitivity of LBNO can be explained by
its proximity to the bimagic baseline [33, 34] To under-
stand this note that if one sets sin(1 − AˆΔ)/1 − Aˆ = 0.
then the term dependent on δCP in the expression of Pμe
goes to zero. probability becomes very small. How-
ever this condition depends on hierarchy. The bimagic
condition is realized by demanding that there is no δCP
dependence in the probability for one hierarchy and at
the same time there is a maxima in the other hierarchy.
This gives two sets of conditions
(i) No CP dependence for IH and maxima for NH i.e
(1 + Aˆ)Δ = nπ(n > 0) (1 − Aˆ)Δ = (m − 1/2)π (3)
Solving the above one gets L = 2540 km and E = 3.3
GeV for n=m=1.
(ii) No CP dependence for NH and maxima for IH i.e
(1 − Aˆ)Δ = nπ(n > 0) (1 + Aˆ)Δ = (m − 1/2)π (4)
S. Goswami / Nuclear and Particle Physics Proceedings 273–275 (2016) 100–109 103
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 2  4  6  8  10  12
P μ
e
E(GeV)
L=7500 Km
θ23=45
o
, sin22θ13=0.1 NHIH
Figure 4: Pμe for 7500 km baseline as a function of energy. This
is obtained by numerically solving the neutrino propagation equation
through Earth’s matter.
This again gives L = 2540 km but E = 1.9 GeV for n=1,
m=2. Thus bimagic baseline has hierarchy sensitivity
for both NH and IH albeit at diﬀerent energies as well
as CP sensitivity for the hierarchy which has a maxima.
This is in contrast to magic baseline which is obtained
by enforcing the condition sin AˆΔ/A = 0 implying L ∼
7500 km for both hierarchies and no CP sensitivity for
either [35, 36].
5.2. Hierarchy Sensitivity of Atmospheric Neutrinos
Although baselines ∼ 1000 − 3000 km are sensitive
to matter eﬀects, resonance is not attained since the res-
onance energy for such baselines is > 9 GeV. Resonant
matter eﬀects are encountered by atmospheric neutrinos
which spans a broad range of L and E. The resonance
energies for baselines 5000 - 10000 km is in the range 6-
8 GeV and hence multi-GeV atmospheric neutrinos can
encounter resonant matter eﬀects. The ﬁgure 4 shows
the probability Pμe for 7500 km baselines. The shading
corresponds to varying δCP in the range 0−2π. The res-
onance energy for this baseline for Δm231 = 2.5 × 10−3
eV2 is 7.5 GeV. One can see that near the resonance
region the δCP eﬀects are sub dominant. The probabil-
ities in this region are best described by the one mass
scale dominant approximation (which amounts to set-
ting Δm221 = 0) and are given as,
Pmeμ = sin
2 θ23 sin2 2θm13 sin
2
(
Δm31L/4E
)
. (5)
Pmμμ = 1 − cos2 θm13sin2 2θ23 sin2
(Δm231 + A + Δ
m
31)L
8E
− sin2 θm13sin2 2θ23 sin2
(Δm231 + A − Δm31)L
8E
− sin4 θ23sin2 2θm13 sin2
(
Δm231L/4E
)
. (6)
In particular, Δm31 and sin 2θ
m
13 are the mass squared dif-
ference and mixing angle in matter, given as,
Δm31 =
√
(Δm231 cos 2θ13 − A)2 + (Δm231 sin 2θ13)2 (7)
sin 2θm13 = sin 2θ13
Δm231
Δm31
(8)
The resonance condition is Δm231 cos 2θ13 = A =
±2√2GFneE where the + sign is for neutrino and - sign
is for antineutrinos for Δm231 > 0. For Δm
2
31 < 0 the
opposite is true. Thus resonant matter eﬀects are sen-
sitive to hierarchy and detectors with charge sensitivity
which can diﬀerentiate between neutrino and antineu-
trino events are ideal to probe this eﬀect.
Among the atmospheric neutrino detectors,
ICAL@INO is sensitive to the muon neutrinos
and the most relevant probability is the Pμμ channel
since the muon neutrinos make the major contribution
to the atmospheric neutrino ﬂux. However the Peμ
channel can also contribute to the muon events. The
latest results concerning the hierarchy sensitivity of the
ICAL detector is presented in [37]. The new feature of
this analysis is the inclusion of the information about
hadron energy [38]. Consequently the binning is done
in the energy and angle of muons and the energy of
hadrons. This analysis shows that a 3σ sensitivity can
be achieved by a 50 kton ICAL in 10 years for true
values of sin2 θ23 = 0.5 and sin2 2θ13 = 0.1. Hierarchy
sensitivity is more for higher values of θ23 and θ13.
Addition of information from T2K and NOνA can give
rise to enhanced sensitivity of 3σ in 6 years.
For HK, the results from [10] shows that with ﬁdu-
cial mass of 500 kton 3σ sensitivity to hierarchy can be
reached in approximately 5 years for sin2 2θ13 = 0.08
and sin2 θ23 = 0.5. PINGU can reach 3σ sensitivity in 3
years including the cascade events in the analysis. For
IH and θ23 in the 2nd octant the sensitivity can go up to
6σ in 4 years. Note that the eﬀective volume of PINGU
depends on energy. For instance at 5 GeV the eﬀective
volume is 2.1 Mt [21].
Fig. 5, drawn following [29] compares the hier-
archy sensitivities of the NOνA and the three atmo-
spheric neutrino detectors mentioned above. The ﬁgure
is drawn using the projected sensitivities of HK [10],
PINGU [21] and ICAL@INO [38]. Note that for INO
we use the results from the most recent analysis in [38]
and the sensitvity is higher than that presented in [29].
The shaded region corresponds to varying δCP in its full
range for NOνA and varying θ23 in the range 40o − 50o
for HK and in the range 38.7o − 51.3o for PINGU. The
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Figure 5: Projected hierarchy sensitivities of NOνA, HK, PINGU and
ICAL
lower end of the bands denote worse sensitivity. The ﬁg-
ure, prepared for NH shows that after 3ν + 3 ν¯ years of
run NOνA can give 3σ hint for hierarchy for favourable
δCP values. For true δCP in the unfavourable region for
NOνA an early hint may come from INO. The lower end
of the atmospheric neutrino curves are for lowest value
of θ23. It is seen that for lower values of θ23 the hierar-
chy sensitivity of INO can be greater than that of HK.
The hierarchy sensitivity of PINGU and HK increase
rapidly with increasing θ23 because of huge statistics. It
is to be noted that this ﬁgure is a comparison of the cur-
rently projected sensitivities of diﬀerent groups and are
exploratory in nature. The plots from diﬀerent exper-
imental groups are generated using diﬀerent statistical
procedures. The actual sensitivities may change from
this with improvements in analysis techniques and/or
changes in design and with actual data.
Combination of long-baseline and atmospheric neu-
trino data can enhance the hierarchy sensitivity [39, 40].
In ﬁgure 2 we show this synergy as a function of δCP.
It is seen that NOνA+T2K+ICAL can give 3σ sensi-
tivity for all values of δCP. For favourable values of
δCP a 4σ sensitivity can be achieved. For LBNO, it
is seen that addition of NOνA+T2K+ICAL can help to
achieve more than 5σ sensitivity for all values of δCP.
For favourable values of δCP more than 6σ sensitivity is
possible. Thus for experiments like LBNO which is go-
ing to start at a later stage data from T2K+NOνA+ICAL
can help to achieve the same sensitivity with a reduced
exposure [41]. Note that this ﬁgure is obtained using
10% energy and 10% angular smearing for ICAL.
5.3. Reactor Neutrinos
It has been realized in [42, 43] that reactor neutrino
experiments with a baseline of several tens of km can
have hierarchy sensitivity if θ13  0. Reactor neutrinos
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Figure 6: Octant sensitivity of long-baseline and atmospheric neutrino
experiment ICAL@INO as a function of δCP. The ﬁgure is obtained
assuming the true hierarchy to be NH true θ13 to be 9.21o and true θ23
to be 39o.
are sensitive to electron antineutrino disappearance. As-
suming CPT conservation i.e same parameters for neu-
trinos and antineutrinos this can be expressed as,
Pe¯e¯ = 1 − c413
[
sin2 2θ12 sin2 Δ21
]
+ sin2 2θ13s212 ×[
cos 2Δ31 sin2 Δ21 − 12 sin 2Δ21 sin 2Δ31
]
(9)
Hierarchy sensitivity comes from the sin 2Δ31 term and
can be measured from the distortions in the energy spec-
trum. Two reactor experiments JUNO in China and
RENO50 in Korea are planning to measure this. Both
these experiments have baseline ∼ 50 km. Determina-
tion of mass hierarchy at 3σ is possible with 3% energy
resolution. For the baseline of 50 km is close to the
maxima of sin2 Δ21L/4E term and thus it is at the min-
ima of the survival probability (SPMIN). Such a conﬁg-
uration can measure the mixing angle θ12 with a much
greater precision [44] . JUNO for instance can measure
sin2 θ12 with 0.7% precision [45].
6. Octant
Intrinsic octant degeneracy implies equality of the
probability under θ23 → (π/2 − θ23). This is true
for probabilities like Pμμ in vacuum which are func-
tions of sin2 2θ23. For probabilities which are functions
of sin2 θ23 (e.g. Pμe) this intrinsic degeneracy is not
present. But the octant sensitivity coming from Pμe is
strongly correlated with θ13 as can be seen from the ﬁrst
term in eq. 2 and the combination sin2 θ23 sin2 θ13 may
not remain invariant in opposite octants. This problem
S. Goswami / Nuclear and Particle Physics Proceedings 273–275 (2016) 100–109 105
gets alleviated as the precision of θ13 increases. Thus
knowledge of θ13 play an important role in improving
the octant sensitivity [46]. However, Pμe also suﬀers
from degeneracy with δCP and one should consider the
the generalized octant degeneracy [47, 48, 49],
P(θtr23, θ13, δCP) = P(θ
wrong
23 , θ
′
13, δ
′
CP), (10)
where θwrong23 correspond to the value of the mixing an-
gle in the opposite octant. The δCP values for which
octant degeneracy is prevalent depend on the combina-
tion of true hierarchy and octant. This aﬀects the octant
sensitivity of long-baseline experiments.
6.1. Octant Sensitivity of long-baseline experiments
In Fig. 6 we show the octant sensitivity of long-
baseline experiments for true θ23 in the lower octant
and true hierarchy as IH. The experimental speciﬁca-
tion used are same as in the case of ﬁg. 2 excepting
for LBNE and LBNO we use the exposure 82.5 × 1021
pot-kt. Note that for a 20 kton volume of LBNO and
the projected beam power this corresponds to 1.4 year
neutrino + 1.4 year antineutrino run. On the other hand
for the projected volume and beam power of LBNE the
above pot corresponds to a 2.4 year neutrino + 2.4 year
antineutrino run. The purple solid curve is for NOνA
(3ν+3ν¯) + T2K (only neutrino run) . The ﬁgure shows
that for true IH-LO more than 3σ sensitivity can be
achieved in the favourable zone (δCP ∼ +90o) by com-
bining T2K and NOνA while in the unfavourable region
> 2σ sensitivity can be achieved. This can be under-
stood as follows. For a ﬁxed θ23 the neutrino probabil-
ity is maximum for −90o and minimum for +90o. Since
the probability increases as θ23, if true octant is LO then
the chances of overlap with the HO is more for −90o.
Therefore for true LO the octant sensitvity is worse in
the LHP. For antineutrinos since δCP → −δCP the curves
corresponding to ±90o switch position. Therefore for
antineutrinos and true LO the sensitvity becomes better
for −90o. Therefore combining antineutrino data with
neutrino data would enhance the sensitivity near δCP ∼
−90o for true LO. [50, 51]. For instance if instead of
full neutrino run of T2K we use equal neutrino and an-
tineutrino runs then the sensitvity at δCP = −90o would
increase [50]. For true HO on the other hand the neu-
trino probability will overlap with LO for δCP = +900.
Therefore for true HO the sensitivity would be worse
for +90o. Adding antineutrino data can again help in
improving the sensitvity because of opposite behaviour
of antineutrino probability. This is true for both NH and
IH. Note that the degeneracies near δCP = 0 and ±180o
are not resolved by increased antineutrino run from T2K
since for these values of δCP the term cos(Δ + δCP)→ 0
near the vacuum peak Δ ∼ π/2 [50]. On the other hand
because of less statistics the sensitivity in the favourable
region decreases with equal neutrino and antineutrino
run. Thus the need for antineutrino run depends on on
the true value of δCP and θ23.
We also present the octant sensitivity of LBNE and
LBNO assuming equal neutrino and antineutrino run. It
is seen that the degeneracies are largely removed due
to equal neutrino and antineutrino runs and partly due
to matter eﬀects. With this exposure LBNO is seen to
achieve more than 4σ octant sensitivity for all values of
δCP whereas LBNE can resolve octant ambiguity at 5σ
level. The octant sensitivity of LBNE is higher because
with same number of pots the ﬂux at LBNE is higher
than that of LBNO. For similar ﬂuxes (accounting for
the 1/r2 factor) the sensitivities would be similar [52].
6.2. Octant sensitivity of atmospheric neutrinos
As explained in earlier section atmospheric neutrinos
passing through large path lengths can undergo resonant
matter eﬀects. The leading order term in the oscilla-
tion probability Pμe in matter still depends on sin2 θ23.
But at resonance, the mixing angle θm13 in matter can get
enhanced to maximal values (close to 45o). Then the
combination sin2 θ23 sin2 2θm13 does not remain invariant
over opposite octants, breaking the degeneracy of the
octant with θ13. The leading term in Pμμ in matter con-
tains sin2 2θ23, as in the vacuum case, which could cause
intrinsic octant degeneracy. But octant sensitvity comes
from the sin4 θ23 sin2 2θm13 term near resonance. This can
overcome the degeneracy present due to the sin2 2θ23-
dependent terms. In Fig. 6 the blue dashed curve shows
the combined octant sensitivity of T2K+NOνA+ICAL.
It is seen that the octant sensitivity increases in both fa-
vorable and unfavourable regions when ICAL data is
added to T2K and NOνA. If NOνA+T2K+ICAL infor-
mation is added to LBNO or LBNE then for the same
exposure octant can be resolved at more than 5σ level
for all values of δCP. Similar results have been obtained
for PINGU in [53]. Thus the synergy between various
experiments can help in achieving higher sensitivity.
7. δCP
CP symmetry relates particles and antiparticles. Usu-
ally CP violation in the lepton sector is discussed in
terms of the asymmetry ACP = (Pμe − Pμ¯e)/(Pμe + Pμ¯e).
Inserting the expressions for the probabilities and re-
membering that δ → −δ in going from neutrino to
antineutrino probabilities one can show that ACP ∼
S. Goswami / Nuclear and Particle Physics Proceedings 273–275 (2016) 100–109106
 0
 0.25
 0.5
 0.75
 1
 1.25
 0  2  4  6  8  10  12
A
C
P
θ13(in degree)
NOνA
E=1.5 GeV
δCP=-90δCP=0δCP=90
 0
 2
 4
 6
 8
 10
 12
 14
 16
 0  5  10  15  20  25  30
χ2
θ13(True)
T2K(5+0)+NOνA(5+5)
Fixed NH
 Fixed θ13
δcp = -90
o
δcp = 90
o
Figure 7: The left panel shows the plot for CP asymmetry ACP vs θ13
for NOνA. The right panel shows the χ2 for T2K+NOνA as a function
of θ13. This plot was prepared with 5×1021 pot/year exposure for T2K
and 5 year ν + 5 year ν¯ run for NOνA.
sin δ/ sin θ13. Thus this quantity decreases with increas-
ing θ13. On the other hand the potential of an experiment
to discover δCP implies whether it can separate the true
value of δCP from 0 or π. The diagnostic for this is
χ2 = min
(Nex(δtrCP) − Nth(δtestCP = 0, 180◦))2
Nex(δtrCP)
(11)
This can be expressed as,
χ2 ∼ P(δCP) sin
2 2θ13
Q sin2 θ13 + R(δCP) sin 2θ13
. (12)
For small values of θ13, χ2 ∼ θ13 which is an increas-
ing function. In the opposite limit, θ13 ∼ π/2, χ2 ∼
(π/2 − θ13)2 which decreases with θ13. Therefore, CP
sensitivity initially increases with θ13, peaks at an opti-
mal value, and then decreases with θ13. In the left panel
of ﬁgure 7 we plot the asymmetry as a function of θ13 for
the NOνA baseline for three diﬀerent values of the CP
phase δCP. This is seen to be very small for the current
allowed range of θ13. In the right panel of Fig.7 we plot
the CP violation discovery potential of NOνA+T2K as
a function of sin2 2θtr13 for two maximally CP-violating
values of true δCP. We assume θtr23 = 39
◦ and a ﬁxed
normal mass hierarchy. It can be seen that the discovery
χ2 rises for very small values of sin2 2θ13 and reaches
its highest value in the range sin2 2θ13 ∼ 0.08 − 0.2
and then decreases. The vertical lines denote the current
θ13 range (sin2 2θ13 = 0.07 − 0.13). This ﬁgure shows
that the current allowed range of θ13 correspond to max-
imum value of the CP discovery χ2 for experiments like
T2K and NOνA [48]. Thus the discovery χ2 is a better
diagnostic than ACP for the current range of θ13.
7.1. CP sensitivity of Future Experiments
In Fig. 8 we plot the CP discovery χ2 deﬁned in eq.
11 as a function of true value of δCP. for individual long-
baseline experiments as well as combining these. We
 0
 5
 10
 15
 20
 25
 30
 35
 40
-180 -120 -60  0  60  120  180
χ2
δCP(True)
LBNO/LBNE: 82.5X1021 POT-KT 
T2K+NOνA
T2K+NOνA+ICAL
LBNE
LBNE+T2K+NOν
LBNO
LBNO+T2K+NOνA
Figure 8: CP sensitivity of future experiments. The sensitivity reach
after combining various experiments are also shown. The exposures
are same as in the octant ﬁgure. The true hierarchy is NH while θtrue23 =
39o.
assume hierarchy is not known and marginalize over all
the parameters including hierarchy. The purple curve is
the sensitivity that one obtains from T2K+NOνA. One
sees that in the LHP close to 3σ sensitivity is achieved
for δCP ∼ −90o. For the UHP on the other hand the CP
sensitivity is much worse. This is because in the UHP
the hierarchy sensitivity is poor for NH-LO and thus
the minima comes in the wrong hierarchy region. The
blue curve shows the eﬀect of adding data from ICAL
to T2K+NOνA. It is seen that although ICAL itself does
not have much CP sensitivity it can increase the CP sen-
sitivity in the unfavourable region for T2K+NOνA by
ruling out the wrong hierarchy solution [54]. We also
plot the CP discovery χ2 for the proposed LBNE and
LBNO experiments. With the exposure used in this plot
LBNO can reach 3σ sensitivity in both the half planes
at δCP ∼ (−60o, 120o). For the same exposure LBNE
can reach ∼> 4σ level for these values. Note that since
LBNO and LBNE themselves have good hierarchy sen-
sitivity the wrong hierarchy minima does not come and
hence similar CP sensitivity is possible in both half
planes of δCP. For the same reason atmospheric data no
longer play any role in enhancing the CP sensitvity. If
one adds the χ2 of NOνA+T2K to LBNE or LBNO then
the maximum reach increases to 5σ and 4σ respectively.
Thus, the synergy between various experiments can en-
hance the CP discovery potential considerably. In Table
2 we show for what fraction of values of δCP, hint of CP
violation can be obtained at 2σ and 3σ level by various
experiments. It is seen that addition of ICAL data to
T2K+NOνA can cause a two-fold increase in the frac-
tion of δCP values for which hint of CP violation can be
obtained. Infact if the true δCP lies in the unfavourable
region for T2K+NOνA, then the ﬁrst hint for CP viola-
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Figure 9: The left panel presents the total number of models consid-
ered in [55] that survive the present constraints on oscillation parame-
ters. The right panel shows 86 new models consistent with the current
data.
tion may come after adding ICAL data to these. Addi-
tion of T2K+NOνA information to LBNE/LBNO also
increases the δCP coverage to some extent. The maxi-
mum sensitvity reach also increases. For instance if one
adds T2K+NOν to LBNE then highest CP sensitvity can
be > 5σ. For same pot the CP discovery reach of LBNE
is seen to be more than that of LBNO.
Setups Fraction of δCP(True)
2σ C.L 3σ C.L
T2K+NOνA 0.29 0.06
T2K+NOνA+ICAL 0.58 0.12
LBNO 0.52 0.15
LBNO+T2K+NOνA 0.68 0.49
LBNE 0.71 0.53
LBNE+T2K+NOνA 0.75 0.61
Table 2: Fraction of δCP(True) for which CP violation can be discov-
ered with 2σ and 3σ C.L.
8. Neutrino Mass Models
The two fundamental questions that must be ad-
dressed by any viable model for generation of neutrino
mass is (i) why neutrino masses are small (ii) why the
mixing pattern of neutrinos (two large and one small
angle) are so diﬀerent from the quarks (all three mix-
ing angles small). The most popular mechanism to ad-
dress small neutrino masses is the seesaw mechanism.
The origin of seesaw is the dimension 5 operator due
to Weinberg Le f f = c5LLHH where L and H denote
the Standard Model lepton and Higgs ﬁeld respectively.
c5 is a constant of inverse mass dimension. For gener-
ating the mixing angles the most popular option is to
invoke some ﬂavour symmetry. The successful mod-
els are those which can satisfy the present 3σ ranges of
parameters. In ﬁgure 9 we show the status of the 86
models from [55] which survive the present constraints.
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Figure 10: Prediction of δCP for various models.
We ﬁnd that only 24 models can be allowed with the im-
proved constraints on parameters since 2009. The right
panel of ﬁg. 9 show 54 new models that can satisfy
the current constraints. The maximum number of new
models correspond to ﬂavour symmetries. In ﬁg. 10
we plot the the number of models with a deﬁnite pre-
diction for δCP. It is interesting to note that our sur-
vey does not ﬁnd any models that predict δCP between
−180o ≤ δCP < 120o. Flavour symmetric models can
predict δCP between −120o ≤ δCP ≤ 180o. However
models with anarchy predict δCP between 60o − 120o.
For instance if the current best-ﬁt of −90o is conﬁrmed
by more data then these models can be disfavoured.
9. Conclusion
In the past years there have been an impressive
progress in the determination of neutrino oscillation pa-
rameters with increased precision. The main new re-
sult since ICHEP 2012 is the improvement in the pre-
cision of θ13 coming mainly from the recent results
from the Daya-bay experiment. There is also a hint
of δCP ∼ 1.4π mainly from T2K experiment though at
3σ the full range of δCP is still allowed. The main re-
maining unknown oscillation parameters are mass hier-
archy, δCP and octant of θ23. The non-zero value of θ13
is conducive for the determination of all three of these.
There are many future experiments planned for these.
We discussed the capabilities of some of these exper-
iments towards unravelling these parameters. We ﬁnd
that the results from the current generation experiments
T2K/NOνA can be a crucial input in planning future
facilities like LBNE/LBNO. We have also discussed
the synergistic aspects between long-baseline and atmo-
spheric experiments specially for removal of degenera-
cies taking ICAL@INO as an example. Precision mea-
surement of oscillation parameters can disfavour some
of the neutrino mass models thereby providing a win-
dow to explore physics beyond the Standard Model.
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